Uptake of Ca2 by suspension-cultured pear (Pyrus communis L. cv Passe Crassane) cells and protoplasts was significantly enhanced by exposure to 38°C compared to 25°C. The increased uptake was specific for Ca22 and was not due to cell wail binding. Tissues There have been few reports on the interaction of high temperature and nutrient uptake or membrane permeability in plant tissues. High soil temperatures (35-38°C) led to increased uptake of N, Ca, P, and B in shoots, and of N, P, and B in roots of maize seedlings when compared with lower control temperatures (9, 18) . In studies on leaf membranes, Thebud and Santarius (15) showed that at temperatures well above 45°C, plasmamembrane and tonoplast integrity maintained, whereas chloroplast membranes were undergoing inactivation. A temperature of 38°C, which has been used for fruit treatment, and which we have used in our study, need not be stressful during short time periods, and has been shown to be the temperature which induces (3) containing 4.5 gM 2,4-D and no cytokinins. Cells were subcultured weekly and grown in 150 ml of medium in 500 ml conical flasks under low light at 27°C on a rotatory shaker (100 rpm). Cells were in log phase growth in all experiments.
affect the rate of flesh softening in fruit, while the latter might affect the rate of membrane permeability change that is characteristic of ripening and senescing tissues.
There have been few reports on the interaction of high temperature and nutrient uptake or membrane permeability in plant tissues. High soil temperatures (35-38°C) led to increased uptake of N, Ca, P, and B in shoots, and of N, P, and B in roots of maize seedlings when compared with lower control temperatures (9, 18) . In studies on leaf membranes, Thebud and Santarius (15) showed that at temperatures well above 45°C, plasmamembrane and tonoplast integrity maintained, whereas chloroplast membranes were undergoing inactivation. A temperature of 38°C, which has been used for fruit treatment, and which we have used in our study, need not be stressful during short time periods, and has been shown to be the temperature which induces ' maximal heat-shock-induced heat tolerance in cultured cells (21) .
We used suspension-cultured pear fruit cells to study the interaction between high temperature and Ca2" uptake. The results show that there is a significant change either in plasmamembrane binding of Ca2" or cellular uptake and sequestration with exposure to a temperature of 38C. These changes do not appear to have a deleterious effect on cell growth or metabolism.
MATERIALS AND METHODS Pear fruit cells (Pyrus communis L. cv Passe Crassane) were maintained in suspension culture in a modified MS medium (3) containing 4.5 gM 2,4-D and no cytokinins. Cells were subcultured weekly and grown in 150 ml of medium in 500 ml conical flasks under low light at 27°C on a rotatory shaker (100 rpm). Cells were in log phase growth in all experiments.
Calcium uptake was measured by incubating 5 ml of cell suspension in culture medium in 25 ml conical flasks containing 45Ca (approximately 0.74 kBq ml-'). Calcium concentrations (CaCd2) are given with the results. During uptake, the flasks were maintained at appropriate temperatures in a shaking water bath. Cells from 1 ml samples of the suspension were collected by filtration through glass fiber paper (Whatman GF/A) after the uptake period. The cells were washed (see "Results" for appropriate wash solutions) and the fresh weight determined. The cells were then transferred to scintillation vials together with 0.5 ml water and 3 ml scintillant (ACSII, Amersham), and 41Ca assayed by liquid scintillation counting (Beckman, LS2800). At least three replicate samples were taken at each sample time.
Calcium concentrations ofthe media were measured by atomic absorption spectrophotometry of HN03/HC104 digestates of 2 ml media samples. In experiments using Sr2', Zn2', Mg2+, and K+, the cation concentrations in the cells before and after uptake were measured by digesting the cells after filtration and washing, followed by atomic absorption spectrophotometry. Protoplasts were prepared by digesting log phase cells in a medium containing 0.7 M mannitol, 3 mm CaCl2, 1.2 mM KH2PO4, 2% Cellulysin (Calbiochem), and 0.5% Macerase (Calbiochem) (pH 5.4). Cells were centrifuged, the medium discarded, and approximately 2 g fresh weight of cells placed in petri dishes with 5 ml of the enzyme solution. The dishes were sealed with Parafilm and incubated for 4 h with constant shaking at 30°C. After this time, almost no whole cells remained. Absence of cell walls was further checked by staining with calcofluor. Protoplast viability was checked by staining with Evan's blue. The protoplasts were washed twice with fresh medium minus the enzymes, and then transferred to complete nutrient medium (as used for cells) with the addition of 0.5 mm mannitol. The protoplasts were then made up to volumes having protoplast densities of approximately 3 to 4 x 10-6 ml-'.
Calcium uptake was followed by incubating 2 ml samples of protoplasts in 10 ml glass vials together with 4"Ca (approximately KLEIN AND FERGUSON 2.59 kBq ml-') and 3H (approximately 7.4 kBq ml-'). At the required times, 100 gl samples of protoplasts were removed and placed on approximately 0.2 ml silicone oil (Wacker, AR200) in 1.5 ml Eppendorf microfuge tubes. Since no denser oils were available, it was necessary to incorporate a 50 gl overlay ofwater above the oil to allow the medium to be retained at the surface upon centrifugation. This dilution of the protoplasts had no effect on protoplast viability over the short duration involved. Immediately upon sampling, the protoplasts were centrifuged through the oil into 20 ,l 6% HC104, using an Eppendorf microfuge (12,000g, 10 s). The oil and medium were aspirated off and tube tips containing the pellet cut off and placed into scintillation vials. 45Ca and 3H were assayed by liquid scintillation counting as above. 3H20 was incorporated in all experiments to give a quantitative estimate of the protoplasts in each sample. All samples were taken at least in triplicate, and results have been expressed as Ca2+ per ,l protoplast water. Preliminary experiments showed that less than 5% of 3H carried through the oil was associated with extracellular volume.
RESULTS
In using the term 'uptake' in these results, we are not defining whether it means transport into the cell, plasmamembrane binding, or cell wall binding. The nature of uptake is treated later.
Calcium uptake by pear cells increased linearly over a temperature range of about 15°C above the normal growth temperature of 27'C ( Fig. 1) . Much of the Ca2+ taken up by the cells was probably associated with the cell wall since a wash which contained 1 mm EGTA reduced the amount of 45Ca associated with the cells by approximately 10-fold (Table I) . However, even with such a treatment, a substantial increase in uptake was recorded at 38'C (Table I ). This temperature was used for all subsequent experiments. We were able to detect a temperature effect after 1 h, and subsequently used a 2 h uptake period for most experiments. All the Ca2" taken up at 25'C was absorbed during the first hour, while at 38'C, uptake continued beyond 4 h, although at greatly reduced rates. The elevated uptake associated with 38'C was greater after longer time intervals (Table I) , and was particularly marked after 24 h. However, there is the possibility of stimulated growth associated with higher temperatures over long periods.
Treatment with high temperature had a residual effect. A 2 h pretreatment at 38'C, followed by uptake of 45Ca at 25°C, still resulted in increased uptake (Table II) .
The results with the EGTA wash suggested that at least part of the increased Ca2" uptake was associated with the cell as distinct from the cell wall. A number of different treatments were used actually increased at 25'C, and was greater at 38'C in the presence of these compounds (Table III) . Similar results were obtained with 50 uM arsenite. Under a N2 atmosphere sufficient to reduce 02 levels to about 2%, Ca2+ uptake was slightly reduced at 25'C, but the temperature effect was still present (Table IV) . One further way to assess whether cell wall uptake was responsible for the observed temperature effect, was to follow uptake by dead cells. Cells were separated from the growth medium by centrifugation and then washed with 95% ethanol followed by two washes with water. The cells were then resuspended in fresh medium containing 1 EFFECT OF HIGH TEMPERATURE ON CELL Ca2" UPTAKE We also compared the effect of 38°C on Ca2+ uptake with that on uptake of other cations. In these experiments, total mineral ion contents were measured before and after the 2 h uptake period. 45Ca was not used. Although increased uptake was found with three other divalent cations at elevated temperatures, only Ca2+ uptake was significantly increased (Table V) . Potassium uptake did not increase at all.
Uptake of Ca2' at 38°C was also greater than that at 25°C in pear cell protoplasts (Table VI) , although the proportional increase (18%) was less than that usually found with whole cells (30-50%). In an experiment similar to that described in Table  II , Ca2+ uptake by protoplasts also increased (approximately 30%) after a prior heat treatment, despite the loss of some viability over the 5 h treatment period.
Included in Table VI are results of the effect of saponin on Ca2+ uptake. Saponin has a property which results in an increase in membrane permeability, although it has been rarely used with plant cells. With protoplasts, addition of 100 ,ug ml-' saponin produced an increase in Ca2" uptake of about 20% (Table VI) .
When whole cells were treated with 50 ,g ml-' saponin, the increase in uptake amounted to as much as 100% (data not shown).
After a 2 h treatment at 38°C, cell growth was monitored over 8 d at 27°C. There was no effect of high temperature on subsequent cell growth rate although respiration and ethylene production were stimulated during the period of heat treatment (data not shown).
DISCUSSION
Exposing cultured pear cells to 38°C for up to 2 h led to an increase in Ca2" uptake and did not have any deleterious effects on subsequent cell growth. The delayed stimulation of Ca2" uptake by cells and protoplasts at 25°C after a 38°C pretreatment indicates that the increased uptake of Ca2" in response to high temperature is a specific cellular response and is not merely a result of a general increase in metabolic activity.
The increased uptake of Ca2" at 38°C is cellular rather than due to cell wall binding. This conclusion is supported by results with EGTA washes and protoplasts (Table VI) (19) , must be rapidly reversed or dissipated. Cytosolic concentrations are maintained at very low levels (1 1) by three principal means. Passive influx of Ca2" is restricted by the inherently low permeability to Ca2+ of the plasma membrane. Ca2+ which does enter the cytoplasm can than either be pumped back out of the cell by a plasma membrane-based, ATP-dependent pump, or be sequestered internally by mitochondria, ER, or the vacuole. At least the first two of these pools are known to remove Ca2+ from the cytosol by ATP-dependent uptake (4, 6) .
The increased uptake that we have observed must therefore either be accounted for by increased sequestration in the cell or increased binding to the plasma membrane. An increased internal content might entail an increase in plasma membrane permeability to Ca2+. An increase in electrolyte leakage has been found with high temperatures in tobacco leaves (2) , and in suspensioncultured pear cells (20) , although this was not very significant below 40°C. The viability of pear cells after treatment suggests that permeability changes, should they occur, would be of a milder, more selective nature. A drop in membrane potential with high temperature exposure has been recorded in maize coleoptile cells ( 13) . The potential drop appears to be transient, however, and is followed by recovery to control levels, whereas our data indicate that while the uptake rate falls over 24 h, there is a long-term effect of high temperature (Table I) 
KLEIN AND FERGUSON
Other than a change in permeability, a reduction in Ca2" effiux could be responsible for increased net uptake. This may be the case where respiratory inhibitors alone increased Ca2+ uptake (Table III) . A loss in plasmamembrane Na+, K+-ATPase activity with high temperature has been recorded in cells (14) . If a loss in activity of an ATP-dependent Ca2`efflux pump was the case in pear cells at 38°C, we might expect that accumulation of Ca2ì n internal pools such as the ER or the vacuole would also be inhibited, resulting in increased cytosolic concentrations. Our results with inhibitors at 38C, however, show a synergistic effect on Ca2`uptake, which could be interpreted as a combination of reduction in efflux and increased permeability.
Both an induced change in permeability or in plasma membrane binding might account for the degree of ion selectivity shown in Table V . Although Ca2`is the preferred divalent ion in pear cells, small increases were also found with Zn2+ and Mg2+, although not with K+. Inhibition of fruit softening in heat-treated apples (10), pears (12) , and tomatoes (22) does not yet have an adequate physiological explanation. New protein components were detected in plums held at 30°C (8) , which also maintained better firmness and quality than fruit held at 20°C (16) . Redistribution of Ca2+ in fruit tissue may also be associated with this inhibition of softening. Both these aspects of heat response seem worth further study.
